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Low-temperature heat sources (z80e120 C), including low-concentration solar, shallow-well
geothermal, household cogeneration and industrial waste heat, are widely abundant and have the po-
tential to be recovered as electric energy. The integration of distillation with salinity gradient power
(SGP) technologies has been proposed as an alternative to traditional technologies for harnessing such
low-grade heat. In this method, heat is used to distill a salt solution, thus producing a concentrated
solution and pure solvent. Controlled mixing of the two solutions at different concentrations in a salinity
gradient power process converts the mixing Gibbs free energy to useful work. We analyzes the energy
efficiency of distillation-SGP by conducting a thermodynamic and energy assessment of the distillation
stage. Counterintuitively, the highest efficiencies are achieved by utilizing the least number of distillation
effects but matching the boiling point elevation of the working solution to the available temperature
difference. This is due to the entropy production during heat exchange between the distillation effects,
where heat flows across a temperature difference, which is the main energy loss. Solutions with greater
boiling point elevation can obtain higher efficiencies, indicating the judicious selection of working so-
lutions with suitable thermo-physical properties can substantially improve the energy efficiency of
thermally regenerative SGP technologies.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
Heat engines are the most commonly used machines for con-
verting thermal energy, e.g. from fossil fuels and nuclear plants, to
electrical current. But a huge amount of low-temperature heat is
currently wasted because the delivery temperature is too low for
traditional heat engines, for example, that work on the Rankine or
Brayton cycle. The ability to exploit low-temperature heat sources
of below z80e120 C can substantially augment our energy sup-
ply. Such currently untapped low-temperature heat sources include
low-concentration solar panels [1e3], widely available shallow-
well geothermal sources [4,5], low-grade industrial waste heat
[6e8], and household co-generation or “combined heat and power”
production [9e12].
Technologies that have been proposed to harness low-
temperature heat sources include heat engines based on thegioli), lamantia@uni-bremen.Stirling and organic Rankine cycle [3,13e15], and solid-state ther-
moelectric converters that are based on the Seebeck effect [16,17].
While these technologies have made much progress, they stopped
short of actual implementation, mainly due to impractically low
power density performance and high capital, operating, and
maintenance costs [18]. Electrochemical methods have been pro-
posed to overcome these difficulties. Among them are thermo-
galvanic cells [19,20], in which two electrodes are kept at different
temperatures, and “electrochemical heat engines”, in which the
whole electrochemical cell undergoes a thermal cycle [21e24].
Another category of low-temperature heat utilization technol-
ogies produce useful work by consuming a salinity gradient and
then use thermal energy to restore the salinity difference [25]. The
Gibbs free energy of mixing of two solutions of different concen-
trations is converted to useful work by salinity gradient power
(SGP) technologies, and a thermally-driven process then provides
the energy of separation to reconstitute the salinity gradient. Ex-
amples of SGP technologies include pressure retarded osmosis
(PRO) [26,27], reverse electrodialysis (RED) [28,29], capacitive
mixing (CAPMIX) [30,31], battery mixing (BattMix) [32e34], and
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activities in these different technological pathways, difficulties
hindering practical applications are still present. The energy effi-
ciencies reported are often around 1% or less [26,35,36]. In other
cases [27,29], the process includes heat exchangers with a small
temperature drop (z1 K), which is difficult to achieve in a real
machine. It is clear that significant improvements are needed to
realize practical low-temperature heat utilization.
The overall performance of thermally-regenerated salinity
gradient power technologies depends on the individual effective-
ness and efficiency of the two stages of energy production and
salinity reconstitution. Most studies have focused on examining the
performance of SGP technologies, including the energy efficiency
and power density [37e41], however, only a handful of publications
have looked at the efficiency of thermal separation processes to
regenerate the concentration gradient [27,42].
Distillation has been proposed as the thermal regeneration
method for solutions with non-volatile solutes, to recover a more
concentrated solution and the pure solvent [32e34,43]. We will
refer to this class of low-temperature heat utilization technologies
as “distillation-SGP”. However, a recent study showed that the ef-
ficiency of a distillation-SGP cycle has a fundamental limitation [42]
that is based on the thermo-physical properties of the solutions;
this thermodynamic analysis bears analogies with the evaluation of
the Gibbs free energy of solutions produced in desalination
[44e46].
The aim of this study is to evaluate the performance of distil-
lation as the method to regenerate the concentration gradient in
SGP technologies for low-temperature heat utilization. We develop
a thermodynamic framework, which takes into account the second
law efficiency of a single distillation effect. Next, the performance of
multiple effect distillation with heat exchange is examined. By
using the thermo-physical properties of various solutions, the
impact of the boiling point elevation on the achievable efficiencies
is assessed and the fundamental limitations are discussed. We
show that the energy efficiency of low-temperature heat utilizationFig. 1. Scheme of the distillation-SGP cycle. The steps are: 1) heating, 2) boiling, 3) cooling, 4
2 is depicted with dashed red arrows, whereas latent heat of condensation in step 4 is rejecte
cycle). (For interpretation of the references to colour in this figure legend, the reader is refwith distillation-SGP technologies can be substantially enhanced
by thoughtful selection of working solutions with suitable thermo-
physical properties, specifically boiling point elevation. Represen-
tative temperature-entropy graphs are examined to facilitate
qualitative understanding of the analysis results. Lastly, broader
implications of the study findings are discussed.2. Working principles of distillation-SGP technology
In distillation-SGP, the production of useful work takes place by
a salinity gradient technology, and heat from the low-temperature
source is then used to regenerate the concentration difference by
distillation. Various SGP technologies have been proposed for
realizing low-temperature heat utilization, including PRO [26,27],
RED [28,29], CAPMIX [30,31], BattMix [32e34], and TRB [35,36].
Working principles of these energy production methods are
described elsewhere [25,42]. In these studies the solvent used is
water and examples of solutes are chlorides of sodium, zinc,
lithium, potassium and aluminum, with NaCl the most commonly
investigated salt. The efficiency of SGP technologies has been
assessed in experimental studies and thermodynamic analyses, and
can be relatively high (theoretical efficiencies as high as 80e90%
have been reported) [27,37].
On the other hand, the efficiency of thermal regeneration of the
salinity gradient is only sparingly evaluated. In this paper, we focus
on distillation as the thermal separationmethod to reconstitute the
concentration difference of solutions with non-volatile solutes.
The steps of a distillation-SGP cycle are depicted in Fig. 1 and are
defined as follows:
1 The mixed solution at temperature Teff ;L is heated up to its
boiling point, T1.
2 The solvent is evaporated; the concentration of the remaining
solution increases, and the boiling point increases to Teff ;H
eventually.) condensation, 5) SGP operation. Sensible heat recuperation from step 3 to steps 1 and
d to the sink (and can be recovered for utilization as heat source in a lower temperature
erred to the Web version of this article.)
D. Brogioli et al. / Renewable Energy 133 (2019) 1034e104510363 The concentrated solution and the vapor are cooled down
separately to temperature Teff ;L.
4 The vapor is condensed at temperature Teff ;L.
5 The salinity gradient between the concentrated solution and the
distilled solvent is exploited by a SGP technology to produce
energy.
The temperatures Teff ;L and Teff ;H are the condensation temperature
and the boiling temperature of the most concentrated solution
produced during distillation, respectively. In order to make the
process thermodynamically feasible, it must be driven by a heat
source at temperature TH  Teff ;H and a heat sink at temperature
TL  Teff ;L. The equalities can only be approached in the limit of
ideal heat exchangers, i.e., infinitesimally small temperature
difference.
It is possible to capture and reuse some of the sensible heat
released in step 3 at temperatures between TL and TH to partially
makeup the heat needed in steps 1 and 2 (depicted in Fig. 1 as
dashed red arrows). This is termed “sensible heat recuperation” to
differentiate from the recovery of latent heat from the condensing
steam that occurs in step 4 at TL (discussed in Section 3.4). The
impact of sensible heat recuperation on overall efficiency of
distillation is evaluated and discussed later in Sections 3.3 and 3.6.
It is worth noting that for low-temperature heat utilization, the
distillation must take place at relatively low temperatures of
80e120 C. The boiling point of aqueous solutions is above 100 C
and, hence, only partially overlaps with the range of low-
temperature heat source. This apparent incongruence is readily
sidestepped by “vacuum distillation”, where the pressure of the
headspace is lowered by a mechanical pump to below the saturated
vapor pressure of the aqueous solution, thereby inducing boiling
well below 100 C. For example in multi-stage flash desalination,
the saline feedwater is flash boiled by the reduced pressure [47,48].
Additionally, it is instructive to note that the principles of this
analysis apply as well to membrane distillation, in which water is
vaporized below the boiling temperature.Fig. 2. Scheme of a representative multiple effect distillation device. Three effects are
shown.3. Evaluation of the energy efficiency
3.1. Definition of efficiencies




where W is the useful work produced and QH is the heat absorbed
from the heat source. The efficiency is intrinsically small due to the
Carnot limit and the heat sources being at relatively low temper-
ature, TH <80e120 C:
h  1 TL
TH
(2)
For temperature of the heat sink at room temperature, TL ¼ 25 C, h
is below 24.2%. The second-law efficiency or exergy efficiency,
h2ndlaw, is the ratio between the extracted energy and the energy





From the second law of thermodynamics, h2ndlaw <1.
The importance of energy efficiency, h, as a figure of merit is self-
apparent: higher h enables a greater portion of the available low-temperature heat to be utilized. For low temperatures considered
here, energy efficiency is more relevant than second-law efficiency
as a figure of merit. This is because for narrow temperature dif-
ferences, the Carnot efficiency is small; this explains why a seem-
ingly satisfactory second-law efficiency can still correspond to an
unfeasibly low energy efficiency, rendering the process impractical.
Since distillation-SGP is composed by coupling distillation to
SGP technologies, it is worth separating the overall efficiency into
two independent factors:
h ¼ hdisthSGP (4)
where hdist is the efficiency of the distillation stage in converting





and hSGP is the efficiency of the SGP technology in converting the





As relatively high hSGP can be achieved, the contribution of hdist
to h is expected to outweigh the effect of hSGP and, thus, the
distillation stage is actually more critical to the viability of low-
temperature heat utilization. Hereafter the focus will be on the
evaluation of hdist , adopting the approach of our previous analysis
[44].
3.2. Effects, multiple effect distillation, and heat exchangers
In industrial application of distillation, each evaporation and
condensation chamber is called an “effect” and multiple effects are
often put in series with stepped decrease in temperatures (see
Fig. 2). The energy embedded in the latent heat of the vapor which
exits from an effect is utilized to evaporate the saline feed water in
the following effect [47e49]. Therefore, the heat is reused
sequentially by the effects, thus multiplying utility of the input
energy.
The heat source and the heat sink are connected to the first and
last effect through heat exchangers, and further heat exchangers
connect consecutive effects. The temperature drop across the heat
transfer surface of heat exchanger has a strong influence on the
efficiency of the distillation process and cannot be neglected,
especially for the narrow temperature range considered here.
Typically, for practical reasons of maintaining a reasonable heat
flux and optimizing the heat transfer surface area, the temperature
D. Brogioli et al. / Renewable Energy 133 (2019) 1034e1045 1037drop cannot be less than a few K, so it can be a significant fraction of
the total available temperature difference TH  TL. When multiple
effects are used, the temperature drop is multiplied by the number
of effects and, thus, becomes even more relevant. Note that even
with single effect distillation, at least two heat exchangers are
needed (for the heat source and sink).
We first evaluate the efficiency of a single effect, excluding the
bordering heat exchangers. The results are discussed in Section 3.3.
Next in Section 3.4, we examine the efficiency when the heat ex-
changers are taken into account and multiple effects are consid-
ered. In Section 3.5, further simplifying approximations are applied
to the analytical approach, to arrive at an expression describing the
factors influencing distillation efficiency. The comparison in results
between the simplified and rigorous approaches is presented and
discussed in Section 3.6.3.3. Efficiency and 2nd-law efficiency of a single distillation effect
Here we discuss the efficiency of a single effect, excluding the
heat exchangers. We consider the temperatures of the boiling so-
lution, Teff ;H , and of the condensing solvent, Teff ;L. Assuming the
vapors condense at just below the boiling point of the pure solvent,
the temperature difference across the single effect is DTbpe ¼
Teff ;H  Teff ;L, corresponding to the boiling point elevation of the
solution. During vaporization, the solution is progressively
concentrated and, thus, the boiling point increases. The DTbpe
specified is, hence, the boiling point elevation of the solution at the
end of the vaporization process, i.e., of the most concentrated so-
lution that is finally produced by the effect.
Efficiency of the effect, heff , in converting heat, Qeff ;H , into Gibbs
free energy, to produce the concentration difference across the





As before, this efficiency is limited by Carnot's law [44]:
heff 
DTbpe
Teff ;L þ DTbpe
(8)
This leads to the definition of a 2nd-law efficiency for the singleFig. 3. Plot of single effect 2nd-law efficiency, ε, as a function of the temperature differenc
Because DTbpe is confined by the boiling point elevation of the saturated solution, i.e., solutio
NaCl and NaOH (solid circles), the lines do not extend over the same DTbpe range. Lines for Te
to the moles of concentrated solution is 0.3. In panel A, sensible heat recuperation is not perf





which is between 0 and 1.
An examination of Eq. (9) reveals that ε is a function of the
temperature difference in the effect, DTbpe, assuming the depen-
dence of ε on Teff ;L can be neglected. This simplifying assumption is
justified in the small temperature range considered (between 25
and 80e120 C), and it is consistent with Dühring rule [42,44].
In Fig. 3, εðDTbpeÞ for aqueous solutions of NaCl and NaOH are
shown for Teff ;L ¼ 30, 50, and 70 C. The method for evaluating
εðDTbpeÞ is detailed in our previous work [44]. Briefly, 2nd-law ef-
ficiency, ε, is determined by considering heat transfers and tem-
perature changes in the steps described below, corresponding with
steps 1e4 of Fig. 1 (i.e., less the SGP energy production step):
1 Sensible heat is absorbed from the heat source to bring the so-
lution from initial temperature to boiling point.
2 Latent heat of evaporation is absorbed from the heat source
during boiling. The temperature increases due to progressive
concentration of the solution, leading to additional absorption
of sensible heat to maintain the temperature at boiling point.
3 Sensible heat is released as the vapor cools to the temperature of
the heat sink.
4 Latent heat of condensation is released to the heat sink as the
vapor condenses.
The cycle is finally closed isothermally by an SGP process (step 5 of
Fig. 1). As detailed in the methodology of Ref. [44], the temperature
and entropy variations along the cycle is calculated from the heat
transfer, and integrating across the cycle yields the energy pro-
duced, which is then used to determine εðDTbpeÞ. Sensible heat
recuperation (from step 3 to steps 1 and 2, as described in Section
2) is also considered. The cooling of the system, performed in step
3, is assumed to take place in counter-current with the steps 1 and
2, with a constant temperature difference, DThr .
The temperature difference across the effect, DTbpe, mirrors the
boiling point elevation, so the increase in DTbpe corresponds to an
increase in the concentration of solution.
This accounts for the lines in Fig. 3 terminating at a givene across the effect, DTbpe , for two representative aqueous solutions: NaCl and NaOH.
n is at solubility limit, corresponding to mole fraction of 0.10 and 0.34, respectively, for
ff ;L ¼ 30, 50 and 70 C are presented. The ratio between the moles of evaporated solvent
ormed, whereas in panel B sensible heat recuperation is performed with a temperature
Fig. 4. Scheme of a multiple effect device, with three effects shown here working in
series. The red arrows represent the heat flows. The green lines represent the Gibbs
free energy of the produced solutions. Note that the figure is not a representation of a
balanced energy or mass flow diagram. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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be obtained with the given salt. Since the solubility of NaCl is lower
than the solubility of NaOH, the NaCl curve extends over a shorter
DTbpe range. Additionally, the lines denoting Teff ;L ¼ 30, 50, and
70 C are effectively overlapping, validating the simplifying
assumption that the influence of Teff ;L on ε is negligible.
Fig. 3A indicates that the efficiency decreases for increasing
temperature difference, DTbpe, in the absence of sensible heat
recuperation. This can be qualitatively explained by considering
that because the latent heat provided in step 2 is utilized for
distillation, it is approximately proportional to the produced pure
solvent, and, in turn, is proportional to the produced free energy.
Conversely, the sensible heat provided in step 1 has no separative
function and, thus, does not directly contribute to the free energy.
Increasing the boiling point increases the heat energy needed for
the step 1, hence leading to a lowering of efficiency. When sensible
heat recuperation is performed, the relevance of the energy input
for sensible heat in steps 1 and 2 is decreased, thus leading to a
plateau in the graph of efficiency for DTbpe >DThr (Fig. 3B).
By comparing the two panels of Fig. 3, we can qualitatively
conclude that the exchange of sensible heat has strong bearings on
the effect of boiling temperature variation on efficiency: the recu-
peration of sensible heat enabled a higher efficiency to be main-
tained along the considered temperature range. It is worth noting
that the increase of the boiling temperature also leads to an in-
crease of the latent heat of vaporization (e.g. of the order of 10%
from pure water to a saturated NaOH solution), in turn corre-
sponding to an increase of thermal energy consumption from the
heat source. However, this increased energy consumption does not
lead to an efficiency decrease, provided that the sensible heat is
recuperated (see Fig. 3B). This is because the slight increase of
latent heat is compensated by an increase of the produced mixing
free energy. It has been shown that, in general, the use of a solvent
with a larger latent heat of vaporization is beneficial for the oper-
ation of the distillation-SGP device [42]. A similar trend is observed
with the well-known behavior of the Rankine cycle: the efficiency
of the engine diminishes to zero at the critical point, where the
latent heat of vaporization vanishes.3.4. Efficiency of multiple effect distillation with heat exchangers
In this section we incorporate heat exchangers into the analysis
and consider multiple effects in series with heat exchangers con-
necting them.
All the heat exchangers are assumed to work with a fixed
temperature difference, DThe. Thermo-physical parameters such as
thermal conductivity, viscosity, and mass diffusion coefficients
affect the performances of heat exchangers, but the discussion of
their effect is outside the scope of the present study. The heat ex-
changers are, instead, characterized by a sole parameter of DThe,
utilizing a range that is practically relevant in real applications.
The scheme of distillation effects and heat exchangers is shown
in Fig. 4. TH and TL are the temperatures of the heat source and heat
sink respectively. Throughout the entire series, the temperature
difference across the heat exchangers, DThe, is the same: it is the
temperature difference between the heat source and the first effect,
the last effect and the heat sink, and between consecutive effects:
DThe ¼ Tneff ;L  Tnþ1eff ;H ¼ TH  T1eff ;H ¼ TNeff ;L  TL (10)
where superscripts n denotes the effect number and N is the total
number of effects. Note that this heat exchange, with temperature
drop of DThe, takes place between consecutive effects, at variance
with the above-described sensible heat recuperation, withtemperature difference of DThr , which takes place within the effect.
The total free energy production, DG, is the sum of the free
energies produced by the nth effect, DGn, and the overall efficiency











An approximation is introduced by assuming that all the effects
work at the same temperature difference of DTbpe and therefore
have roughly the same efficiency εðDTbpeÞ. We will discuss in Sec-
tion 3.6 the accuracy of such approximation. Using this approxi-
mation, and employing Eqs. (9) and (11), the distillation efficiency,









In order to use Eq. (12) to calculate hdist , Q
n
eff ;H needs to be deter-
mined. The conservation of energy applied to the nth effect gives:
Qneff ;H ¼ Qneff ;L þ DHn (13)
where Qneff ;L is the heat released by the n
th effect and DHn is the
mixing enthalpy of the produced solution. The latter quantity, DHn,
is proportional to Qeff ;H:
DHn ¼ hQneff ;H (14)
where h is the proportionality constant. As in the case of ε, we only
consider the dependence of h on DTbpe. The procedure explained in
Section 3.3, used to calculate ε, also allows to calculate Qneff ;L, and
thus DHn by means of Eq. (13) and, in turn, h by means of Eq. (14).






Qneff ;H ¼ Qneff ;L (15)
Assuming that the heat is completely transferred from an effect to








Eq. (16) allows the determination of Qneff ;H across the series of ef-
fects, by induction and starting from Q1effH ¼ QH .
Eqs. (12) and (16) allow hdist to be determined for a set of defined
operating parameters. The calculation proceeds as follows: after
operating parameters of TH , TL, DThe, and the number of effects, N,
are assigned, ε is calculated by the method outlined in Section 3.3
and h is then determined by solving Eqs. (12) and (16). The re-
sults are shown in Fig. 5 for aqueous solutions of NaOH, without
sensible heat recuperation and for different numbers of effects.
Fig. 5 shows that, for the same number of effects, the efficiency
increases almost linearly with increasing DTbpe across the effects.
This is because the energy efficiency of each effect is almost pro-
portional to εDTbpe, as described by Eq. (12), and although ε de-
creases approximately from 85% to 70% when DTbpe is raised
0e45 K (Fig. 3A), the variation does not significantly alter the linear
dependence of hdist on εDTbpe. Eq. (12) also explains why the slopes
are almost proportional to N: the individual terms in the summa-
tion can be considered to be roughly constant and, hence, the sum
effectively scales with N. This concept is in agreement with the
intuition that putting N effects in series enables the heat energy
input to be utilized multiple times, leading to increased water
production output. It is instructive to note that the efficiency is
limited to less than 15.6% by Carnot law, taking the case of heat
source and sink at 80 and 25 C respectively. Compared to the re-
ported energy production efficiency of SGP techniques [27,37],
hdist≪hSGP . This indicates the distillation step of low-temperature
heat utilization with distillation-SGP is the more critical of the
two steps and has pivotal impact on the overall performance of the
technology.
The hdist values shown in Fig. 5 for the various N do not cover the
whole range of DTbpe allowed by the maximum boiling point
elevation of 39 K. The reason is that the sum of all the temperatureFig. 5. Efficiency of distillation, hdist , of a distillation-SGP device with a given number
of effects, N, for an aqueous solution of NaOH. The parameters are TH ¼ 80+C, TL ¼
25+C, and DThe ¼ 10 K. Sensible heat recuperation is not performed. The ratio between
the moles of evaporated solvent to the moles of concentrated solution is 0.3.drops must fit into the available temperature difference TH  TL,
including the N þ 1 temperature drops of The across the heat ex-
changers and theN temperature drops ofDTbpe across the effects, so
that TH  TL ¼ ðN þ 1ÞDThe þ NDTbpe Additionally, for a specified
DTbpe, the efficiency increases with larger N; however, the highest
efficiency occurs with N¼ 1 at the highest value of DTbpe, i.e. for the
highest boiling point elevation (further discussed in Section 4).
Thus, the highest efficiency is obtained with the greatest num-
ber of effects allowed by a given DTbpe. The data of Fig. 5 are
replotted in Fig. 6, with the graph divided in bands, each corre-
sponding to the largest number of effects possible for a specific
DTbpe and DThe. The saw-tooth behavior is due to the discrete
number of effects allowed in the given range of TH  TL for a certain
DThe. Fig. 6 can be used to design a distillation unit and evaluate the
performances once the operating parameters TH , TL, and DThe are
known.
In Fig. 6, three different solutes are reported, NaCl, NaOH and
LiBr, for four different temperature drops across the heat ex-
changers, DThe ¼ 0.5, 5, 10 and 15 K, to illustrate the significance of
solution thermo-physical properties on efficiency. For any salt and
DT , the efficiency decreases with the increase of DThe. This is
because heat flow across the temperature difference of the heat
exchangers produces entropy [50,51]. Additionally, the vanishing of
efficiency is observed when DTbpe tends to 0 or when N approaches
the maximum number of effects possible. In this limit, most of the
available temperature difference, TH  TL, is distributed across the
heat exchangers (i.e., producing entropy) rather than being utilized
within the effects for distillation.
For the case of DThe ¼ 0.5 K (typically not achieved in heat ex-
changers), Fig. 6A shows a slight decrease of efficiency with
decreasing number of effects, N, and for higher boiling point
elevation, DTbpe. This is a consequence of the slight decrease of
efficiency of individual effects, as presented in Fig. 3 and discussed
earlier. On the other hand, for themore realistic cases ofDThe ¼ 5,10
and 15 K, opposite and less intuitive trends were observed: an in-
crease of efficiency for increasing DTbpe and also decreasing N. The
increase in hdist at higher DTbpe for the same N can be qualitatively
explained by noting that, regardless of number of effects, the
relative relevance of DThe (only contributing to entropy production)
decreases as DTbpe (the temperature difference driving the sepa-
ration) increases.
In Fig. 6BeD, i.e., for DThe ¼ 5, 10 and 15 K, the highest efficiency,
neglecting the salt type, is reached by the curve in the last band
from the right, corresponding to one effect. These represent the
minimum number of effects compatible with the operating pa-
rameters of available temperature difference, TH  TL, and
maximum boiling point elevation. This finding is rationalized by a
larger temperature difference occurring inside the effect when a
smaller number of effects is utilized, meaning a greater portion of
TH  TL is utilized for distillation and less for entropy production.
This corresponds to a higher boiling point elevation within the
individual effects.
NaOH allows a higher efficiency to be reached than NaCl,
because the maximum boiling point elevation is 39 K for NaOH but
is less than 10 K for NaCl. For the same reason, in the case of NaCl,
more effects are necessary to cover the available temperature dif-
ference, TH  TL. The curves of NaOH and NaCl are effectively
overlapping, meaning that the same number of effects is needed
and same efficiency is achieved for a particular DTbpe. However,
NaOH can reach higher efficiencies by using less effects because
larger boiling point elevations are possible. By the same token, the
use of LiBr, with maximum boiling point elevation of 64 K, enables
even greater efficiencies to be attained (Fig. 6B).
Fig. 6. Highest achievable energy efficiency, hdist , of a distillation-SGP device. Aqueous solutions of NaCl, NaOH and LiBr are considered, without sensible heat recuperation. The
ratio between the moles of evaporated solvent to the moles of concentrated solution is 0.3. The operating parameters are TH ¼ 80+C, TL ¼ 25+C, and DThe ¼ 0.5, 5, 10 and 15 K
(panels A-D, respectively). The horizontal dash-dotted line of panel A is the theoretical Carnot efficiency of 15.6%. For clarity of presentation, LiBr is shown only for mole fraction
more than 15% and only for DThe ¼ 0.5 and 5 K (panels A and B). The plots show the highest value of hdist possible by utilizing the maximum number of effects, N, that fit into the
available temperature difference TH  TL (number of effects is label at the top of the graph). The vertical dotted lines separate bands with different number of effects N (up to 5). Note
that the vertical scale of panel A is different from the others. The violet dashed lines are the approximations obtained in Section 3.5 (Eq. (27)). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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elevation, i.e. roughly equivalent to greater solubility limit in water,
thus, leads to two advantages: i) increase in efficiency, which
directly improves performances, and ii) decrease in the number of
effects and associated heat exchangers, which signify a decrease in
the capital cost of the plant. It is worth noting that heat exchangers
are a relevant part of the capital cost and the physical plant size.
Decreasing the number of heat exchangers and reducing the heat
exchange area by increasing the temperature drop across them is,
therefore, crucial for bringing the distillation-SGP technology to the
market [52].
When only a specific salt is considered, i.e., either NaOH, NaCl, or
LiBr, the highest efficiency is sometimes not attained at the highest
DTbpe, but in the second to last band that is attainable by the salt,
i.e., with an effect more than the minimum N. Examples are NaOH
in panel B at DThe ¼ 5 K and NaCl in panel C at DThe ¼ 10 K, where
the highest efficiency occurs at N¼ 2 and 3, respectively, while the
minimum number of effects, Nmin, attainable by the curve is 1 and
2. The reason is that the maximum boiling point elevation of the
salt is not large enough to reach the right border of the Nmin band.
In these cases, the use of a salt with higher boiling point elevation,
such as LiBr and NaOH, respectively for the two highlighted in-
stances, would allow an effect to be eliminated from the processand attain improved efficiencies.
The eventual design decision on the number of effects will likely
need to balance between energy efficiency and capital cost. To
illustrate this trade-off, the case of DThe ¼ 5 K with NaOH is
considered. While adding a 2nd effect can raise the efficiency from
7.7% to the maximum of 8.6% (see Fig. 6B, solid red lines), this
relatively small increase of efficiency would come at the expense of
added capital cost for the 2nd effect and an additional heat
exchanger between them. On the other hand, keeping the single
effect and working with a larger DThe ¼ 15 K, can potentially
decrease the heat exchange surface area by a factor of x1=3 and
achieve considerable savings in capital expenditure, albeit with a
sacrifice in the efficiency to 5.2% (Fig. 6D, red solid lines). A better
alternative would be to use a salt with a larger boiling point
elevation, as can be seen in the comparison between NaOH and LiBr
for the case of DThe ¼ 5 K (Fig. 6B). This would allow the highest
efficiency to be reached with a single effect, with the additional
advantage of having less components in the distiller.
In general for the range of practically relevant DThe, the highest
efficiency is reached for large DTbpe, obtained with salts with the
greatest boiling point elevation, i.e. LiBr > NaOH > NaCl in this
analysis. Although Fig. 3 shows that the 2nd-law efficiency of a
single effect is similar for NaCl and NaOH, in order to reach a high
D. Brogioli et al. / Renewable Energy 133 (2019) 1034e1045 1041overall efficiency h it is necessary that each effect works at large
temperature difference DTbpe that salts with comparatively low
solubility limit cannot achieve. NaCl, the most commonly investi-
gated salt in distillation-SGP studies, requires many effects to
achieve reasonably high efficiency. However, since we are free to
choose a different salt, it is then better to use a salt capable of
attaining a high boiling point elevation that is matched with the
available temperature difference TH  TL, and work with a single
effect to simultaneously achieve high energy efficiency of separa-
tion and minimize capital cost.
3.5. Further simplifying approximations for energy efficiency and
second-law efficiency
In this section, further approximations are presented to obtain a
simpler practical formula for calculating the energy efficiency of
salinity gradient regeneration in distillation-SGP. First, we notice
that Qneff ;H are monotonically decreasing progressing along the se-
ries of effects, thus:
QH  Qneff ;H  QH  QL (17)
By energy conservation:
QH  Qneff ;H  DH (18)
where DH is the mixing enthalpy of the solutions produced by all
the effects.
For extremely soluble salts such as NaOH and LiBr, the main
contribution of DG is enthalpic, so that DHzDG. In general, we
assume DH(DG, so that Eq. (18) gives:
QH  Qneff ;H(DG (19)
Using Eq. (1) (definition of h) and 2 (Carnot's law):






The left-hand side can be read as the relative error of the
approximation Qneff ;HzQH , which is justified by the fact that TH  TL
is small compared to the absolute temperature TH . Using this











TH  Tneff ;H  TH  TL (22)
Dividing by TH gives:
TH  Tneff ;H
TH
 TH  TL
TH
(23)
Similarly, the left-hand side is read as the relative error of the
approximation Tneff ;HzTH , which, again, is reasonably acceptable
under the condition that TH  TL is small compared to the absolute




(24)The sum of all the temperature drops is NDTbpe þ ðN þ 1ÞDThe
for N effects and N þ 1 heat exchangers, respectively. The sum





 TH  TL  DThe (25)
Because the number of effects is discrete, N should be the largest
integer compatible with the previous equation. For simplification,
an approximation with a real, i.e. non-integer, number is:
N ¼ TH  TL  DThe
DTbpe þ DThe
(26)




TH  TL  DThe
DTbpe þ DThe
(27)
This simplified expression for the rough evaluation of efficiency
is presented as dashed violet lines in Fig. 6 and is generally in good
agreement with the more exact calculation method described
earlier. The initial approach discussed in Section 3.4 and the
simplified expression presented here both yield the same general
trends and that higher efficiencies are obtained at large values of
DTbpe.
The approximated expressions of Eqs. (24) and (27) allow us to
better understand the discussion of the previous sections, which
could appear counter-intuitive. Eq. (24) shows that a larger number
of effects N increases the efficiency of the system. This is consistent
with the trend observed in the practice of seawater distillation.
However, DTbpe also has an enhancing effect on efficiency, because
it increases the free energy of the produced solutions. In desali-
nation, because the feed and product are fixed (seawater and fresh
water, respectively), DTbpe is thus constant. In the case of ideal heat
exchangers, and fixed ε, DTbpe and N are inversely proportional
(DThe ¼ 0 in Eq. (26)), hence the same efficiency is obtained with
any boiling point elevation and as many effects as possible: this can
be seen by putting DThe ¼ 0 in Eq. (27). But when realistic values of
DThe are considered, increasing DTbpe decreases N less than with
DThe ¼ 0 (Eq. (26)), thus giving a larger efficiency.
Applying Eq (27) to Eqs. (3) and (4) gives an approximated
second-law efficiency, h2ndlaw:
h2ndlawzhSGPε










Eq. (29) represents an approximate upper limit of the second-law
efficiency, determined by the ratio between the boiling point
elevation and the temperature drop across each effect, including
the adjoining heat exchanger. The 2nd-law efficiency, h2ndlaw, is
maximized by operating multiple effect distillation with a small
temperature drop across the heat exchangers, i.e., small DThe, and a
larger boiling point elevation within one effect, i.e., high DTbpe. The
2nd-law efficiency approaches 100% when DThe≪DT: in principle
this can be reached by increasing the heat exchange surface area,
thus decreasing DThe. But practically, it will likely be more eco-
nomic to maintain a reasonable DThe and increase DTbpe to attain
higher efficiencies.
A similar law is valid for desalination and explains why the
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[44,51]: the boiling point elevation DTbpe of NaCl solutions (the
main salt in sea water) is small compared to the temperature drop
DThe across heat exchangers that can be practically built i.e.
DThe >DTbpe. Additionally, Eq. (29) reveals that the heat exchangers
are a significant contributor to entropy production because thermal
energy is transferred across a temperature difference.
In distillation, both for desalination and energy production, the
temperature drop across heat exchangers must be large enough to
maintain a reasonable heat flux. However, in distillation-SGP the
salt in the aqueous solution can be chosen flexibly and is not limited
to NaCl. Therefore, more suitable salts for such application can be
selected: by using salts with a greater boiling point elevation than
NaCl, such as NaOH and LiBr, as illustrated here, it is possible to
achieve a higher efficiency, h, and improve the economic feasibility
of energy production with distillation-SGP.3.6. Efficiency evaluation without simplifying approximations
The approach described in Sections 3.4 and 3.5 is based on the
approximation that all effects have the same 2nd-law efficiency, ε,
although they are actually working at different Teff ;L and, hence,
have different ε. In this section, this approximation is dropped: for
each effect, the efficiency is evaluated individually, according to the
procedure specified in Section 3.3 and the overall efficiency is
evaluated. The aim of this analysis is to show that the approxima-
tion is reasonable and does not significantly affect the results.
The results for efficiency as a function of the mole fraction of the
concentrated solution are shown in Fig. 7 as solid red lines. The
calculation is performed by assuming that the mole fraction of the
solution at the end of the boiling step, 2, is the same in all the ef-
fects. Discontinuity of the lines is due to the constraint of a discrete
number of effects that can fit in the available temperature range.
Dashed blue lines of Fig. 7 indicate the efficiencies calculated
according to the approximated procedure described in Section 3.4.
The approximated procedure is based on the assumption that the
values of DTbpe and ε are the same for all the effects. The solid redFig. 7. Dependence of h on the mole fraction of concentrated aqueous NaOH solution.
The three sets of curves are calculated with different conditions: i) with the approx-
imation of constant ε and without sensible heat recuperation (dashed blue lines), ii)
without the approximation of constant ε and without sensible heat recuperation (solid
red lines), and iii) without the approximation of constant ε and with sensible heat
recuperation using temperature difference of DThr ¼ 10 K (dotted green lines). The
operating parameters are TH ¼ 80+C, TL ¼ 25+C and DThe ¼ 10 K. The ratio between
the moles of evaporated solvent to the moles of concentrated solution is 0.3. For clarity
of presentation, the lines for case iii) is not shown for mole fraction less than 13%
because they overlap with the other lines. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)lines denote hdist determined without the constant ε approxima-
tion, i.e., the values of DTbpe;n and εn are individually evaluated for
each effect. The values of the Nth effect, DTbpe;N and εN (that is, the
values of the effect at the lowest temperature), are used as theDTbpe
and ε of all effects to calculate the efficiencies of the approximated
method (dashed blue lines). The two sets of curves, obtained with
andwithout the approximations, are very close. This shows that the
approximation of constant ε in all the effects is valid and does not
appreciably affect the overall distillation efficiency results.
Next, the analysis incorporates sensible heat recuperation
within the effect [44]. As discussed in Section 3.3, the sensible heat
recuperation consists of using part of the heat released in step 3 for
performing steps 1 and 2 of Fig. 1. The dotted green lines of Fig. 7
denote the efficiency results with sensible heat recuperation and
without constant ε approximation. As anticipated, a slightly higher
efficiency is achieved, when sensible heat recuperation is per-
formed. For example, the maximum efficiency (at the highest so-
lution concentration) increases from around 7%e8%. Because the
magnitude of the sensible heat is relatively small compared to the
magnitude of the latent heat of vaporization and condensation,
recuperating the sensible heat will not drastically improve the
overall efficiency.4. Temperature-entropy analysis and energy efficiency
limitations
In this section, the results obtained thus far are further analyzed
using temperature-entropy graphs, to qualitatively interpret the
energy efficiency limitations.4.1. T-S analysis of a single distillation effect
The 2nd-law efficiency of a single effect, presented in Fig. 3, in-
dicates that εðDTÞ decreases for increasing DTbpe. This trend can be
qualitatively explained using temperature vs. entropy, T-S, plot of
the distillation process, i.e., steps 1e4 of Fig. 1, taking place in an
effect. Fig. 8A and B shows distillation of NaOH solution, with a
larger DTbpe employed for panel B, that is, same Teff ;L, but higher
Teff ;H (where Teff ;L and Teff ;H are the temperatures of the liquids in
the boiling and condensation chambers, respectively, at the work-
ing pressure of the distiller). Because DTbpe is higher for panel B, the
increase in concentration of the brine solution at the end of
vaporization, i.e. at step 3, is greater than for the solution of panel A.
The 2nd-law efficiency, ε, is represented in the graphs as the ratio
between the area covered by the cycle (pink) and the ideal Carnot
cycle (cyan). When DTbpe is increased, the ratio εðDTbpeÞ decreases
slightly due to the steeper slope of step 2, attributed to a larger
increase in the boiling point elevation of a more concentrated
solution.
Figs. 5 and 6 show that better efficiencies are attained at higher
temperature difference across the effect. However, improving h by
raising DTbpe is constrained by DTmax, the boiling point elevation at
solubility limit. In Fig. 8B, Teff ;H also corresponds to the boiling point
of the solution at solubility limit, Teff ;L þ DTmax. Providing further
heat to warm up the solution beyond Teff ;L þ DTmax would lead to
precipitation of the salt, without any increase of Teff ;H since the
concentration and, hence, boiling point of the remaining solution
do not change. Thus, the further increase of the available temper-
ature difference (pale green area of Fig. 8B) would lead to a decrease
of the 2nd-law efficiency, i.e., ratio of the pink area to cyan and pale
green areas). This explains why the curves of Fig. 3 stop at DTbpe
equal to DTmax. Using larger temperature differences will result in a
Fig. 8. Representation of the distillation-SGP process in the T-S plane with aqueous NaOH solutions, for DTbpe ¼ 15 K and 39 K in panels A and B, respectively. The numbers denote
the steps of the process as described in Fig. 1, with the circle symbols marking the beginning and end of the steps. DT of panel B corresponds to the boiling point elevation at
solubility limit, DTmax . The pink areas enclosed by the cycles signify the separation work, the cyan rectangles represent Carnot cycles, and the pale green rectangle designates a
thermodynamically reversible cycle performed with a temperature difference above the maximum boiling point elevation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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more entropy.
4.2. T-S analysis of multiple effect distillation
As discussed in Section 3.4 and shown in Fig. 6, the highest ef-
ficiency of distillation-SGP is obtained by using a single effect and a
solution with high boiling point elevation. This can be qualitatively
understood by examining the T-S plots of Fig. 9, with NaOH (panel
A) and NaCl (panel B) solutions, having a high and low boiling point
elevation, respectively. For NaOH (Fig. 9A), the available tempera-
ture difference TH  TL is covered by a single effect, while four ef-
fects are used for NaCl (Fig. 9B) due to the constraint of low boiling
point elevation. The distance between the multiple effects, which
are denoted by the pink shaded areas, is due to the temperature
drop across heat exchangers.
The area of the pink surface, i.e., separative work, is clearly
larger in Fig. 9A (NaOH) than Fig. 9B NaCl, with the T-S plot of the
latter predominantly being space between the cycles, which rep-
resents entropy production due to heat flux across the heat ex-
changers. In other words, the single effect with a large boiling point
elevation covers a larger fraction of the Carnot cycle than manyFig. 9. Multi-effect distillation process represented in the T vs. S plane. Panel A: NaOH solutio
fraction 4% (four effects, low boiling point elevation). The temperature drop across the heat e
in the last effect takes place at 35 C. The cycles performed in the effects are shown in pink; th
to colour in this figure legend, the reader is referred to the Web version of this article.)effects with smaller DTbpe each covering a thin band of area and,
hence, will yield greater distillation efficiency.5. Conclusions
We performed a thermodynamic analysis of the distillation
process, to evaluate the achievable efficiencies of salinity gradient
regeneration, for energy production from low-temperature heat
sources using distillation-SGP technologies. One of the main results
is that the highest efficiency is obtained with the highest boiling
point elevation that is compatible with the available temperature
difference between the heat source and sink. Whenever the oper-
ating parameters allow (i.e., temperatures of heat source and sink,
and temperature difference across heat exchangers), it would be
better to cover most of the available temperature difference with a
single effect with a large boiling point elevation to achieve
enhanced efficiency, rather than with multiple effects with a lower
boiling point elevation.
The increase in efficiency for solutes with a high boiling point
elevation could appear counter-intuitive from the perspective of
distillation to produce fresh water, i.e. desalination, where then (one effect, high boiling point elevation). Panel B: NaCl solution with maximummole
xchangers is DThe ¼ 10 K. The pressures of the effect is chosen so that the condensation
e cyan rectangle is the corresponding Carnot cycle. (For interpretation of the references
D. Brogioli et al. / Renewable Energy 133 (2019) 1034e10451044change in free energy is to be overcome. However, the overall aim
of distillation-SGP is energy production rather than the production
of distilled water. The production of more mixing free energy sig-
nifies greater availability of energy for conversion to useful work,
which is beneficial for the goal of distillation-SGP technology.
Because the boiling point elevation of seawater and of the
produced brine is relatively small, a single effect will be inevitably
inefficient (as can be seen from the approximate Eq. (24)). Having
multiple effects allows the energy to be reusedmore than once and,
therefore, higher efficiencies can be attained. However, the prac-
tical constrain is the need to maintain a reasonable, i.e. non-zero,
temperature difference, across each heat exchange boundaries.
This limits the number of times the input thermal energy can be re-
utilized. In practice, the gained output ratio, GOR, is typically 8e15
[48,53]. In other words, each heat transfer boundary represents an
inefficiency. Hence, in seawater distillation, having multiple effects
increases the efficiency, but is also unavoidably restricted by the
number of heat transfer boundaries consistent with the number of
effects.
However in distillation to regenerate salinity gradient, the
process is not confined to the feed of seawater, but engineered
solutions of different thermo-physical properties can be used. Our
analysis shows that the selection of a solution with high boiling
point elevation can be overall advantageous. Because of the high
boiling point elevation, the number of stages which fit between the
temperatures of heat source and sink is reduced, but each effect has
a higher efficiency: the two changes have opposing effects on the
efficiency. In the case of ideal heat exchangers, the two effects
would approximately counter-balance (second-law efficiency of the
effects is almost constant, Fig. 3B). On the other hand, when
considering real heat exchangers with finite temperature drop, the
number of heat exchange boundaries that signifies inefficiency is
decreased with increasing boiling point elevation. Furthermore, the
higher boiling point elevation will yield a higher efficiency within
the effect. These factors combine to give an overall higher efficiency
with less effects.
The analysis presented in this study also points to the non-
optimal choice of the electrolytes as an explanation for the low
efficiencies reported up to now in literature for distillation-SGP
processes. Rational selection of more appropriate solutions, such
as highly soluble halogens and hydroxides in water, can potentially
yield efficiencies of the order of 10% for salinity gradient regener-
ation with low temperature heat, almost an order of magnitude
greater than the values reported in literature. The performance
improvement gained with the suitable choice of solutions will be
an important stride towards realizing the application of low-
temperature heat utilization technologies.
The intermediate storage of solutions of different concentra-
tions provides a mean for energy storage that is useful for decou-
pling the production of electrical energy from the availability of the
heat. Advantages from the study reported in this paper are also
envisaged for the field of absorption refrigeration [54]. In this
technology, two chambers are fed by solutions at different con-
centration, sharing the headspace. After evacuating air, the less
concentrated solution boils and the vapor condenses in the more
concentrated solution, while the vaporization latent heat is absor-
bed from the former and released into the latter. The device thus
acts as a heat pump, driven by saturation vapor pressure difference
or, equivalently, concentration difference. Low temperature distil-
lation, in particular, driven by solar heat [55] can produced the
solutions of different concentrations and be integrated with other
operations. After the solutions are produced and stored, they can be
sent to the absorption refrigerator or to the SGP device on demand.
This flexibility in configuration can contribute to the management
of the overall energy network. For these reasons, a distillation-SGPdevice, being efficient and scalable, can be the core of an integrated
heatmanagement system, for industrial and household application.Acknowledgments
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